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Abstract 
The optical, electrical and electro-optical properties of metal-insulator-semiconductor (MIS) devices containing Si-rich silicon 
nitride (SRN) films are reported. The photoluminescence and optical absorption characterization evidences that optically active 
centers present a defective nature. As a consequence, a Poole-Frenkel type transport mechanism is considered, which is in 
agreement with the electrical results. The electro-optical performance of the devices has been found to be strongly modulated 
by the poly-Si electrode transmittance. After taking into account this contribution, EL emission has been studied, being the 
obtained spectra in accordance to the PL ones, which proofs that the same luminescent centers are also being excited 
electrically. The electrical response of the devices has been investigated under light excitation, showing induced photocurrent 
and photoconductivity, which makes SRN a good candidate material for photovoltaic applications. 
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1. Introduction 
 Solar cells are one of the most interesting energy sources thanks to their possibility to obtain energy by means 
of a non-toxic and inexhaustible source. For the last two decades, the optical properties of silicon-rich insulating 
matrices have been studied [1], such as SiOx, SiNx, SiOxNy or SiCx, as they allow for a more efficient absorption of 
high energy photons from the solar spectrum [2]. This way, it is possible to improve the efficiency of Si-based 
photovoltaic devices.  
Most studies within this field have been focused in silicon-rich oxide systems [3, 4]. However, the silicon oxide 
high band gap energy (9 eV) supposes a serious drawback for photocarriers separation. On the other hand, silicon 
nitride presents a lower band gap (5.3 eV), which may induce a better electro-optical performance. In this work, we 
study the behaviour of silicon-rich silicon nitride (SRN) single layer, whose optical and electro-optical properties 
have been studied in terms of the implanted Si excess. 
2. Experimental details 
A 50-nm Si3N4 layer was deposited on either p-type (NA = 1016 cm-3) c-Si or fused silica substrate by means of 
low-pressure chemical-vapour deposition (LPCVD). A Si+ ion implantation was then carried out to generate a 
controlled Si excess inside the nitride matrix (SRN). Using an implantation energy of 28 keV under a 7° tilt angle, 
doses of 1.9×1016 and 2.5×1016 at·cm-2 were implanted, in order to achieve Si excesses of 16 and 20 at. %, 
respectively; this way, a Gaussian Si excess distribution pattern was obtained through the nitride layer. Afterwards, 
the SRN thin films underwent an annealing treatment at temperatures ranging from 950 to 1100 °C for 1 h. From 
the samples deposited on c-Si substrate and annealed at 950 °C, device structure was achieved by metalizing with 
Al on the bottom and a 100-nm poly-Si layer on top, the latter being highly n-doped (ND = 1018 cm-3) with POCl3. 
 
Photoluminescence (PL) spectra were acquired by means of a GaAs photomultiplier tube in a standard lock-in 
configuration, exciting the samples with the 325-nm line of a He-Cd laser. Reflectance and transmittance (R&T) 
measurements were carried out using the integrating sphere of a Bentham PVE300 photovoltaic spectral response 
system, acquiring the spectra in the range from 300 to 1100 nm. The electrical characterization in dark was 
performed with a Microtech 11000 probe station coupled to an Agilent B1500 semiconductor device analyzer. The 
temperature of the thermal chuck was varied from 25 to 300 °C for the temperature dependent electrical 
measurements. On one hand, a cooled CCD coupled to a monochromator was employed for acquiring the 
electroluminescence (EL) spectra from the devices, under a constant current excitation of 500 μA in accumulation 
regime. The photoresponse results were obtained illuminating the sample with the Xe and quartz halogen lamps 
with the help of a monochromator (for single wavelength experiments), provided by the PVE300 system, as well as 
a lamp simulating the AM1.5G solar spectrum. 
3. Results and discussion 
3.1. Optical properties 
PL measurements were carried out on material samples deposited on c-Si substrate, annealed at different 
temperatures. Fig. 1 presents the PL spectrum for the sample annealed at 950 °C, containing a 20 at.% Si excess 
(red open squares) that shows a clear emission within the visible range, around 2 eV. PL measurements of SRN 
films annealed at different temperatures present a very similar emission (not shown), whose intensity scales with 
the annealing temperature. Actually, the samples annealed at the highest temperature display an increase of the PL 
intensity near the 50% with respect to the lowest one.  
R&T measurements were performed in material samples grown on fused silica substrate. The resulting spectra 
were corrected for the substrate transmittance in order to isolate the SRN layer contribution. The absorption 
coefficient (Į) was calculated at each wavelength (Ȝ) using 
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where d is the thickness of the active layer and Tfs the substrate (fused silica) transmittance. The optical band gap 
energy (Egopt) was estimated from the Tauc law [5] for the case of indirect band gap materials by using 
  ( )2)( optgEhh
Bh −= ν
ν
να                                                                     (2) 
where B is a constant. The representation of (ĮhȞ)1/2 vs. hȞ, called Tauc plot, is also presented in Fig. 1 (blue open 
circles). Fitting the linear region of the Tauc plot and using Eq. 2, it is possible to estimate the optical band gap of 
the material, where the curve intersects the energy axis. An Egopt around 2.4 eV was found for both Si excesses, 
being larger than PL energy peak (Egemi < Egopt), which implies a Stokes shift of roughly 400 meV.  
1.5 2.0 2.5 3.0 3.5 4.0
0.0
0.2
0.4
0.6
0.8
1.0
0
50
100
150
200
250
300
350
400
450
(α
·h
ν) 1/2
 (cm
-1/2
·eV
1/2)PL
 
In
te
n
sit
y 
(a.
u
.
)
Photon Energy, hν (eV)
20 at.% Si excess
T
ann
 = 950 ºC
Eg
emi
 = 2.0 eV
Eg
opt
 = 2.4 eV
 
 
Fig. 1. (Color online) PL emission (red open squares) and Tauc representation (blue open circles) of the sample with 20 at.% Si excess, 
annealed at 950 °C. The obtained emission and optical band gap energies (from the PL and absorption measurements, respectively) are 
written down in the figure. 
Due to the high band gap energy of Si3N4 (5.3 eV) and the fact that no remarkable variation in the optical 
properties is appreciated at different Si excesses (the same lineshape for PL and optical absorption, but with a 
different scale factor), we hypothesize that the observed intra-band emission comes from defects contained within 
the thin film. This is in agreement with Guerra et al., who attributed this emission to a radiative recombination of 
defects present at the Si/Si3N4 interface [6]. In addition, the increase in the PL signal at higher annealing 
temperature can be interpreted as a thermal activation of these defects. 
3.2. Electrical transport 
 The electrical characterization was performed on MIS devices whose SRN layers were annealed at 950 °C. In 
Fig. 2(a) we present the J(V) curves in dark obtained from devices containing different Si excesses. An increase of 
the conduction is clearly observed at higher Si excess. Moreover, an asymmetrical behavior of the accumulation (V 
< 0) and inversion (V > 0) regimes is observed, which suggests a conduction limited by minority carriers. For this 
reason, hereafter we present the results corresponding to the accumulation regime, where electrons are the majority 
carriers.  
 As the optical characterization results evidence, there is an important role of defects within our matrix. 
Therefore, we considered a Poole-Frenkel (PF) type transport mechanism through allowed trap states [7] within the 
Si3N4 band gap. According to the PF theory, the current intensity, I, can be expressed as  
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being V the applied voltage, q the elementary charge, kB the Boltzmann constant, T the temperature, İ0 the vacuum 
permittivity, İr the relative permittivity of the medium and d the active layer thickness. Concerning the V 
dependence of the measurements in Fig. 2(a), performed at room temperature, we could plot ln(I·V-1) vs. V1/2, also 
known as the PF representation. The results are presented in the inset of Fig. 2(a), showing a linear region extended 
through more than four decades. The fits of the linear region, carried out according to Eq. 3, allowed us to estimate 
İr for the different excesses. The fact that these values lay within the nominal ones for pure Si3N4 (7.5) and pure Si 
(11.9) [8], together with their increase with the Si excess, validates the election of this conduction mechanism.
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Fig. 2. (Color online) (a) J(V) curves in accumulation (V < 0) and inversion (V > 0) regimes for different Si excesses. The inset shows the 
corresponding ln(I·V-1) vs. V1/2 (Poole-Frenkel) plots, being the linear region fitted using Eq. 3. (b) Conductivity at different applied 
voltages as a function of the inverse of temperature (Arrhenius plot) for the device containing a 20 at.% Si excess in the SRN film. 
 
 On the other hand, we also checked the temperature dependence of Eq. 3 by fixing the applied voltage. In this 
case, we recover the well known Arrhenius law 
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where EA is defined as the activation energy for such a conduction mechanism to occur. The Arrhenius plots for 
the device containing a 20 at.% Si excess, obtained at different applied voltages, are shown in Fig. 2(b). The graph 
confirms the dependence of the conductivity on the temperature. By fitting the data with Eq. 4, we could determine 
EA values from 12 to 534 meV at decreasing voltages.  
According to the results, we may consider our system consisting of shallow trap states within the Si3N4 band 
gap. When increasing V, the band structure depletes, and therefore the conduction band of nitride is reduced. On 
the other hand, an increase in T rises the trap levels. Both effects induce a reduction in the effective barrier that 
carriers (mainly electrons) must overcome for the transport to occur. In conclusion, both the temperature and 
voltage dependences suggest a trap-assisted and thermally-activated carrier transport through the material, in 
accordance with the PF theory. Furthermore, the increase in the Si excess reduces the effective band gap energy of 
the SRN layer, which is translated into a larger electron transport probability through our structure. 
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3.3. Electro-optical performance 
 The EL signal released by the devices was spectrally studied in the visible and NIR ranges, presenting the 
emission lineshape shown in Fig. 3, where it is compared with the previously presented PL emission. The EL peak, 
centered around 1.8 eV, is clearly redshifted with respect to the PL spectrum (2 eV). In order to clarify the origin 
of this redshift, we investigated the poly-Si transmittance spectrum (superimposed in the figure), which presents 
different absorption efficiency within the visible range. Once corrected the EL spectrum from the poly-Si 
transmittance one, an almost exact coincidence between EL and PL was found (see the inset in Fig. 3), which gives 
us an idea of the strong modulation that a poly-Si emitter entails in such electro-optical devices. The fact that, by 
means of EL, we recover the results of the material optical characterization, is indicative of the defect origin of 
both kind of emissions. In addition, this is in agreement with the defect-related recombination mechanism reported 
elsewhere in the literature on SRN-related materials [9]. 
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Fig. 3. (Color online) EL (blue full triangles) and PL (red full circles) spectra of the samples with 16 at. % Si excess, annealed at 950 ºC. 
The transmittance spectrum of the 100-nm poly-Si layer (black full squares) is also presented. The inset compares EL and PL once the 
former signal is corrected by the poly-Si transmittance. 
 The electrical response of our devices to light excitation was also investigated. In particular, J(V) curves were 
obtained in dark and under a 1-Sun (AM1.5G spectrum) illumination, which are plotted in Fig. 4(a). Under 
illumination, a clear increase of the current density is observed, presenting a high induced photoconductivity. This 
is attributed to an increase of the majority carriers (electrons) concentration after the photogeneration.  
 J(V) characteristics were obtained from these devices, under quasi-stationary regime, using monochromatic 
light as excitation source. In Fig. 4, we plotted the photoresponse for each incident photon energy, measured at 0 V 
(photocurrent), and corrected for the photon flux. A feature centered at 3.2 eV is observed, that was again 
attributed to the poly-Si layer transmittance. After correcting for this contribution, an absorption-like behavior is 
clearly appreciated (see the figure inset), presenting an onset at approximately 3.2 eV. This value lays well within 
the absorbed part of the spectra by the SRN layer (see Fig. 1), implying that a critical energy of the absorbed 
photons is required to induce photocarrier generation. 
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Fig. 4. (Color online) (a) J(V) characteristic in dark (black full squares) and under 1-Sun illumination (red full circles) for the device with 
20 at.% Si excess. (b) Photon-flux-corrected photocurrent as a function of the incident photon energy, for the same device. 
4. Conclusions 
Thin Si3N4 films were deposited on either c-Si or fused silica substrates by means of LPCVD. A Si excess was 
induced after a Si implantation at different doses, and an annealing treatment was then carried out, in order to 
precipitate the Si excess. From the optical characterization performed on the samples, we deduced that the origin of 
the SRN luminescence and absorption could be related to Si/Si3N4 interface defects. Device structure was achieved 
by metalizing the material samples with highly doped poly-Si on top and Al on the bottom, to check the electrical 
and electro-optical properties of the material. Taking into account the defective nature of the matrix, we considered 
a Poole-Frenkel type mechanism for carrier transport, which was independently corroborated by means of voltage- 
and temperature-dependent studies. The obtained EL spectra from the samples are in excellent agreement with the 
PL ones, once the modulation caused by the poly-Si transmittance is taken into account. Finally, photoconductivity 
and photocurrent were demonstrated, the illumination inducing an increase of the carrier concentration inside the 
material. In addition, the onset of photoresponse was found well within the absorption edge of the material, which 
indicates that not all absorbed photons will take part in photogeneration. 
Acknowledgements 
The authors want to acknowledge the Centro Nacional de Microelectrónica – Instituto de Microelectrónica de 
Barcelona (CNM–IMB) for the material deposition and the device fabrication. O.B. wants to acknowledge funding 
from the European Community's Seventh Framework Programme (FP7/2007-2013) under grant agreement n: 
245977- project NASCEnT. 
References 
[1] Canham LT. Silicon quantum wire array fabrication by electrochemical and chemical dissolution of wafers. Appl. Phys. Lett. 1990; 57; 
1046-8. 
[2] Conibeer G, Green M, Cho E-C, König D, Cho Y-H, Fangsuwannarak T, Scardera G, Pink E, Huang Y, Puzzer T, Huang S, Song D, Flynn C, 
Park S, Hao X, Mansfield D. Silicon quantum dot nanostructures for tandem photovoltaic cells. Thin Solid Films 2008; 516; 6748–56. 
[3] Zacharias M, Heitmann J, Scholz R, Kahler U, Schmidt M, Bläsing J. Size-controlled highly luminescent silicon nanocrystals: A SiO/SiO2 
superlattice approach. Appl. Phys. Lett. 2002; 80; 661–3. 
[4] López-Vidrier J, Hernández S, Hartel AM, Hiller D, Gutsch S, Löper P, López-Conesa L, Estradé S, Peiró F, Zacharias M, Garrido B. 
Structural and optical characterization of size controlled silicon nanocrystals in SiO2/SiOxNy multilayers. Energy Procedia 2011; 10; 43-6. 
[5] Tauc J. Optical properties and electronic structure of amorphous Ge and Si. Mater. Res. Bulletin 1968; 3; 37–46. 
[6] Guerra R, Ippolito M, Meloni S, Ossicini S. The influence of silicon nanoclusters on the optical properties of a-SiNx samples: A theoretical 
study. Appl. Phys. Lett. 2012; 100; 181905–8. 
[7] J. Frenkel, Phys. Rev. 1938; 54; 647-8. 
[8] Sze SM, KNg Kwok. Physics of Semiconductor Devices. 3rd Edition - 2007. John Wiley and Sons (New York). 
[9] Berencén Y, Ramírez JM, Jambois O, Domínguez C, Rodríguez JA, Garrido B. Correlation between charge transport and 
electroluminescence properties of Si-rich oxide/nitride/oxide-based light emitting capacitor. J. Appl. Phys. 2012; 112; 033114–8. 
